Cells of tomato (Lycopersicon esculentum) growing in suspension gradually depleted their culture medium and caused a steady decrease in its osmolality. When confronted with a sudden change in medium osmolality (a hypo-osmotic or hyperosmotic shock), respectively, these cells responded with volume changes and stress symptoms such as rapid extracellular alkalinization, efflux of K ϩ -ions, and induction of 1-aminocyclopropane-1-carboxylate synthase acid, the key enzyme of ethylene biosynthesis. This array of stress symptoms is well known from cultured plant cells treated with microbial elicitors. Compared with elicitor treatment, induction of responses by hyperosmotic shock was slow and occurred only after increases of approximately 200,000 Pa in osmotic pressure. In contrast, hypo-osmotic shock induced responses without measurable lag and faster than elicitor treatments. Measurable medium alkalinization was induced when medium osmolality was reduced by as little as approximately 10 mosmol, a change corresponding to only approximately 0.2 bar in osmotic pressure. Like treatment with elicitors, hypo-osmotic shock induced specific changes in protein phosphorylations as demonstrated by in vivo labeling with [
Plants are exposed to a variety of potentially adverse environmental conditions such as drought or salinity stress, flooding, anaerobiosis, unfavorable conditions with regard to light or temperature, mechanical stress (wind), wounding, and pathogen attack. To adapt to these conditions, plants have evolved mechanisms to sense these environmental parameters and stress factors. Cultured plant cells have been used as models to study osmotic stress (Yahraus et al., 1995; Cazalé et al., 1999) , heavy metals (Hirt et al., 1989) , ozone (Kangasjärvi et al., 1994) , UV light (Hahlbrock and Scheel, 1989) , or medium starvation for auxin (Leguay and Jouanneau, 1987) . Most widely, cultured plant cells have been used as models to study chemoperception systems for microbial elicitors thought to signal the presence of potential pathogen to the plant cells (Ebel and Cosio, 1994; Boller, 1995) .
Characteristic reactions of cultured plant cells to treatments with pathogens or elicitors include rapid alkalinization of the culture medium, efflux of K ϩ ions, influx of Ca 2ϩ , increased production of activated oxygen species, and production of the stress hormone ethylene (for reviews, see Dixon et al., 1994; Boller, 1995) . The physiological role of these early responses is not well understood nor is their connection to defense mechanisms directed against pathogens such as phytoalexin production or induction of antimicrobial enzymes. Nevertheless, these responses can serve as early and easily measurable indicators of elicitor perception (Dixon et al., 1994; Boller, 1995) .
Altered ion fluxes across the plasma membrane, activation of mitogen-activated protein (MAP) kinase pathways and induced production of reactive oxygen species have been observed also after treatment of plant cells in culture with mechanical stress or osmotic shock (Yahraus et al., 1995; Takahashi et al., 1997a; Cazalé et al., 1999 , Mikolajczyk et al., 2000 . In this report we compared responses of suspensioncultured tomato (Lycopersion esculentum) cells treated with elicitor preparations with the ones observed after hypo-osmotic or hyperosmotic shock. Sudden changes in the osmolality of the culture medium were found to have similar effects as treatment with elicitors and stimulated medium alkalinization, K ϩ -efflux, and induction of 1-aminocyclopropane-1-carboxylate synthase acid (ACC), the enzyme catalyzing the first step in ethylene biosynthesis. Induction of responses by elicitor and hypo-osomotic shock were both dependent on protein phosphorylation and were paralleled by changed phosphorylation of specific proteins. Medium alkalinization, occurring as an early and easily measurable consequence of altered ion fluxes, was used as a bioassay to monitor and characterize the osmosensing system of the suspension cultured tomato cells. Cells proved particularly sensitive to hypo-osmotic conditions and responded to pressure changes as small as approximately 0.2 bar. A particularly tight link between stimulus and response was observed also with respect to the kinetics of induction, demonstrating a close and dynamic link of osmosensing and intracellular signaling in plant cells.
RESULTS

Changes in the Culture Medium during a Subculture Period
The tomato cells used throughout the present study were subcultured in 2-week intervals in a liquidMurashige and Skoog-type medium supplemented with 3% (w/v) Suc as described earlier (Felix et al., 1991a) , using approximately 2 g of cells (fresh weight) for inoculation of the fresh medium. The medium of a freshly inoculated culture had an osmolality of 180 mosmol and a pH of approximately 5.3. During the first 3 d after subculture, the osmolality rose to 240 mosmol ( Fig. 1) , an increase attributable to the hydrolysis of Suc. Thereafter, it dropped continuously and reached a value of approximately 20 mosmol in the stationary phase (Fig. 1) , indicating that the cells depleted the medium nearly completely. Similarly, the concentration of K ϩ -ions in the culture medium dropped continuously from an initial value of 15 mm to approximately 2 mm (data not shown). The pH in the medium also underwent characteristic changes. It first decreased to a minimum of pH 4.9 after 1 d and then steadily increased to pH approximately 5.8 in the stationary phase (Fig. 1) .
Alkalinization of the Culture Medium after Osmotic Shock
During a subculture cycle, cells experience considerable but steady changes in the osmolality of their incubation medium. We examined the reaction of cells in their exponential growth phase to sudden changes in the osmolality of the growth medium, adding either water (hypo-osmotic shock) or medium supplemented with 1 m mannitol (hyperosmotic shock) to the suspension. In both cases, the cells showed a rapid response, as reflected by changes of the pH in the growth medium (Fig. 2) .
Hypo-osmotic shock caused a particularly rapid and strong alkalinization response. For example, lowering the osmolality in a 5-d-old culture from 215 to 62 mosmol, the extracellular pH increased without apparent lag and reached a maximum approximately 1.5 pH units above the initial value of 5.2 within less than 3 min ( Fig. 2A) . The alkalinization response depended on the strength of the stimulus and lowering the osmolality of the medium to a smaller degree led to smaller and more transient alkalinization of the medium (Fig. 2A) . The smallest change in osmolality that still induced a significant pH increase was a reduction from 215 to 206 mosmol, corresponding to a reduction of the osmotic pressure of approximately 0.2 bar (20 kPa), caused by diluting the suspension with 0.05 volumes of water.
Hyperosmotic shock also provoked extracellular alkalinization, but at a much weaker and slower rate. For example, a sudden increase in the osmolality of the medium to 305 or 488 mosmol caused a slow, continuous rise of the pH by 0.1 or 0.2 unit over a period of 8 min (Fig. 2B) .
The experimental treatment of removal and readdition of the culture medium itself did not induce alkalinization (Fig. 2, control cells) . Also, no alkalinization response was observed when the culture me- dium was diluted or replaced with iso-osmotic solutions of mannitol, KCl, or l-Pro in water (data not shown), indicating that alkalinization response is due to changes in the osmolality of the medium and not due to removal or dilution of components present in the incubation medium of the cells.
Cell Volume Changes and K ؉ Efflux in Cells Treated under Hypo-Osmotic and Hyperosmotic Conditions
Extracellular alkalinization in response to osmotic shock was paralleled by a concomitant efflux of K ϩ ions from the cells (Fig. 3A) . To measure changes in K ϩ levels more accurately cells were first preincubated in a medium with a reduced K ϩ concentration (0.1 mm KCl). Treatment of these cells for 15 min under hypo-osmotic or hyperosmotic conditions resulted in strongly increased levels of K ϩ ions in the extracellular medium. Similar to the changes of the extracellular pH, these changes depended on the strength of the osmotic challenge applied (Fig. 3A) . In cells incubated at a density of approximately 0.25 g fresh weight mL Ϫ1 , K ϩ concentration remained at approximately 0.1 mm under iso-osmotic conditions (Fig. 3 , gray bar) but increased to approximately 2 mm and approximately 0.6 mm under hypo-osmotic and hyperosmotic conditions, respectively (Fig. 3A) , indicating bulk net efflux of K ϩ ions under both conditions.
As expected for turgescent plant cells with elastic cell walls, the osmolality of the culture medium also affected the cell volume (Fig. 3B) . Compared with cells treated under iso-osmotic conditions, the volume of the cells, determined as the fresh weight of cells after removal of the incubation medium, increased by approximately 50% after 15 min in media with Ͻ100 mosmol and decreased by approximately 50% after incubation in media with Ͼ300 mosmol, respectively.
Induction of ACC Synthase
Both hypo-and hyperosmotic shock caused a strong increase in the activity of ACC synthase, the enzyme catalyzing the first step in ethylene biosynthesis (Fig. 4) . Stimulation depended on the strength of the osmotic change applied and occurred particularly rapidly after hypo-osmotic shock with clearly elevated enzyme activities after 15 min of treatment. Induction under hypo-osmotic conditions was transient with maximal activity observed approximately 45 min after the reduction of osmolality (Fig. 4A) . Hyperosmotic shock, in contrast, caused a slower but more persistent induction of the enzyme (Fig. 4B) . The activities reached after 120 min of treatment depended on the strength of the hyperosmotic shock in a steady manner. However, the time courses of induction exhibited a more complex pattern with more rapid onset of induction for weaker and slower onset for stronger increases in osmolality of the medium. Cells transferred to high osmoticum also displayed a delayed onset of ACC synthase induction when treated with the fungal elicitor xylanase (from Trichoderma viride) (data not shown), indicating that induction of ACC synthase was possible only after adjustment of the cells to the hyperosmotic conditions. Induction of ACC synthase by hyperosmotic conditions was similarly observed when sorbitol, glycerol, or KCl were used as osmotica (data not shown).
Reversibility of Hypo-Osmotic Stress and Inhibition of Alkalinization Response
The alkalinization response of cells subjected to hypo-osmotic conditions was strongly, although not completely, inhibited by a pretreatment with 1 m K-252a (Fig. 5A ). K-252a added after the onset of the response led to an arrest of pH increase within Ͻ1 min. Reversal of the hypo-osmotic condition by the addition of an appropriate amount of mannitol solution affected the alkalinization response with comparable kinetics (Fig. 5B ). When osmolality was restored shortly after the onset of alkalinization, the pH increase continued for 1 to 2 min after the addition of osmoticum. Addition of an equivalent dose of mannitol either before or concomitantly with water prevented the alkalinization response. In contrast, mannitol added to cells had no effect on the alkalinization response induced by fungal stimuli such as chitin fragments or xylanase (data not shown). Although the reversion of osmolality rapidly stopped induction, a 5-s treatment under hypo-osmotic conditions was sufficient to induce a pH increase (⌬pH max ) that was nearly one-half as big as continued treatment at low osmolality (Fig. 5B ).
Adaptation to Hyperosmotic Conditions
To study the adaptation process to hyperosmotic conditions, cells were subjected to a weak hyperosmotic treatment by adjusting the osmolality from 161 to 232 mosmol with addition of mannitol (Fig. 6 ). When these cells were shifted back to 161 mosmol after 3 min, there was no significant alkalinization response (Fig. 6 ). Cells incubated in the hyperosmotic medium for a longer time started to display an alkalinization response when shifted back to the original osmolality of 161 mosmol. The extent of this alkalinization response increased gradually over 5 h and reached a plateau of ⌬pH max of approximately 0.6. In contrast, mannitol-treated cells when shifted down to 110 mosmol showed a constant alkalinization response throughout the experiment (Fig. 6 ). This response resembled one of the control cells not treated with mannitol after shifts from 161 to 110 mosmol, indicating that mannitol treatment did not generally inhibit response to hypo-osmotic treatment. In summary, these results indicate that cells adapt to higher osmolality in a process that proceeds over several hours.
Response to Two Consecutive Treatments with Hypo-Osmotic Stress
Alkalinization after mild hypo-osmotic shock (⌬mosmol of Ͻ60 mosmol) was transient, and extra- cellular pH returned close to its original value within 10 min ( Fig. 2A) . This could indicate rapid adaptation to lower osmoticum. Because restoring the osmotic condition (a mild hyperosmotic treatment) did not induce any measurable response, this process of adaptation could not be tested directly as described above for adaptation to hyperosmotic conditions. To test adaptive processes, cells were subjected to two consecutive treatments under hypo-osmotic conditions. In the experiment summarized in Figure 7 , a batch of cells (178 mosmol) was first treated at 130 mosmol for 10 min, and then medium osmolality was restored to the original value of 178 mosmol by the addition of mannitol. At different times after this pretreatment, aliquots of the cells were then tested for alkalinization response to a second hypo-osmotic treatment at 130 mosmol (Fig. 7) . Already after 3 min of restoration of the original osmolality, the cells showed a low but significant alkalinization response (Fig. 7) . Thereafter, responsiveness of the cells to hypo-osmotic shock rapidly recovered, and, within 60 min the ⌬pH max of the alkalinization response reached the same values observed in control cells not subjected to the hypo-osmotic pretreatment (Fig. 7) . Thus the transient character of the extracellular alkalinization after hypo-osmotic shock seemed not to reflect complete adaptation to lower osmoticum but rather represented a new dynamic equilibrium of alkalinization and processes readjusting the pH to its original value.
Induction of Myelin Basic Protein (MBP) Kinase Activity
Rapid activation of MAP kinase-like enzyme activities have been reported in various plant cell cultures treated with elicitors, wounding, and mechanical stress (Seo et al., 1995; Suzuki and Shinshi, 1995) but also after osmotic shock (Seo et al., 1995; Takahashi et al., 1997a; Cazalé et al., 1999; Mikolajczyk et al., 2000) . We tested whether hypo-osmotic stress would similarly stimulate activity of MBP-kinase(s) in tomato cells. An MBP-kinase, migrating with an apparent M r of approximately 51,000 on SDS-PAGE, was rapidly and strongly induced after treatment with hypoosmotic stress (Fig. 8) . Activation was visible after 1 min of treatment and reached a maximum after 5 min. Treatment with the elicitors chitotetraose and xylanase also induced MBP kinase activity although with somewhat slower kinetics (Fig. 8) .
Changes in Protein Phosphorylation
Induction of MBP kinase activities is usually taken as indicator for the activation of kinase cascades leading to increased phosphorylations of an array of tar- get proteins. In previous experiments we have observed that the onset of the alkalinization response induced by fungal elicitors, chitin fragments, and calyculin A is paralleled by specific changes in the pattern of protein phosphorylation (Felix et al., 1991b (Felix et al., , 1993 . For these studies we developed a labeling technique that involves short, 30-s labeling of cells with [
33 P]orthophosphate and subsequent analysis of the labeled phosphoproteins by SDS-PAGE and autoradiography. For this, cell cultures were supplemented with 10 mm MES (4-morpholineethanesulfonic acid)/KOH (pH 5.1) to dampen the extracellular alkalinization and allow uniform uptake of orthophosphate throughout the experiments. When cells were labeled at different times after application of osmotic shock or, for comparison, with chitotetraose (bars in Fig. 9A ), the first changes in the pattern of protein phosphorylation became visible 1 min after addition of chitotetraose (Fig. 9C) and already 20 s after lowering the osmolality of the culture medium (Fig. 9B) . After both treatments, the pattern of more than 10 newly labeled bands appeared reproducibly at the onset of the alkalinization process. Within the resolution of this one-dimensional analysis, these changes were identical for both treatments, and they were also indistinguishable from the changes after treatments of cells with fungal xylanase and calyculin A described earlier .
DISCUSSION
The tomato cells used in this study have previously been characterized with respect to their responses to microbial elicitors like fungal-derived glycopeptides, chitin fragments, ergosterol, xylanase, and bacterial flagellin (Basse et al., 1993; Felix et al., 1993 Felix et al., , 1999 . In the cases further studied, specific high-affinity binding site residing on the surface of the cells could be identified (Basse et al., 1993; Baureithel et al., 1994) , suggesting perception of these different elicitors via an array of different receptors. Although with characteristically different kinetics, these different receptors seem to activate identical intracellular signaling elements and early responses. These elicitor responses, including rapid changes in ion fluxes across the plasma membrane, release of reactive oxygen species, increased biosynthesis of ethylene, and the induction of the phenylpropanoid pathway are symptoms common to plants under attack by pathogens or exposed to wounding (Dixon et al., 1994; Ebel and Cosio, 1994; Baron and Zambryski, 1995) . Elements of these stress symptoms have also been observed in plant cells treated with heavy metals (Hirt et al., 1989) , ozone (Kangasjärvi et al., 1994) , UV irradiation (Hahlbrock and Scheel, 1989) , medium starvation for auxin (Leguay and Jouanneau, 1987) , and osmotic shock (Yahraus et al., 1995; Takahashi et al., 1997b) . The multitude of different stress conditions leading to apparently common symptoms suggests induction processes via converging signaling pathways. However, an example for separate pathways has been described for the induction of Phe ammonia lyase activity by elicitor preparations and UV light where induction of two distinct Phe ammonia lyase genes have been implicated (Hahlbrock and Scheel, 1989) . Similarly, different sources of active oxygen species appeared to be involved in the oxidative burst induced by different types of stress (Allan and Fluhr, 1997) .
In this study, responses of suspension-cultured tomato cells to sudden changes in osmotic conditions were compared with previously reported responses to treatment with elicitors. Both, hypo-osmotic and hyperosmotic stress conditions activated responses and stimulated medium alkalinization, efflux of K ϩ -ions, and induction of ACC synthase. The induction of these responses differed considerably for the two forms of stress with regard to kinetics and sensitivity. Responses to hyperosmotic shock, observed after an increase in medium osmolality of Ͼ100 mosmol or a change in osmotic potential of Ͼ2 bar, were induced with a delay and proceeded for a prolonged time.
Responses to hypo-osmotic shock, in contrast, were induced very rapidly and very sensitively. Lowering medium osmolality by as little as 10 mosmol, corresponding to a changes in osmotic potential of approximately 0.2 bar, caused significant induction of medium alkalinization. Thus, perception of hypoosmotic conditions appeared to be directly and tightly linked to cellular signaling mechanisms.
It might be argued that osmotic shock could confer a general permeability or leakiness to cell membranes or even bursting of the cells that could explain K ϩ efflux and medium alkalinization as a passive process. However, induction of ACC synthase depends on active metabolism of intact cells. Also, as previously described for Ca 2ϩ influx and oxidative burst induced by hypo-osmotic shock (Takahashi et al., 1997b; Cazalé et al., 1999) , induction of responses was strongly inhibited by protein kinase inhibitors like K-252a, indicating dependence on a functional intracellular signaling mechanism. Signaling by hypoosmotic shock was correlated with a rapid increase in MBP-kinase activity (Cazalé et al., 1999; Fig. 8 ) and specific changes in pattern of de novo phosphorylated proteins (Fig. 9) . Thereby, within the limits of the one-dimensional gel electrophoretic analysis performed in this study, these changes were indistinguishable from the changes induced by elicitors.
Osmotic shock leads to a rapid change of cell turgor and results in changes in cell volume (Fig. 3) . Efflux of K ϩ -ions after hypo-osmotic shock could counteract the osmotic pressure applied and lead to a decrease of turgor pressure. In contrast, efflux of K ϩ after hyperosmotic shock would decrease intracellular osmolality and cause further decrease of turgor. The K ϩ efflux amounts to approximately 3 mmol kg Ϫ1 cells within 15 to 20 min, an amount that has little effect on intracellular osmolality. Also, experimentally altered medium osmolality remained stable for the duration of the experiments, indicating that efflux and uptake of solutes including K ϩ did not significantly counteract the osmotic stress applied. However, in intact plant tissues, where the volume of the extracellular fluid is only a fraction of the intracellular volume, an equivalent K ϩ efflux might alter the osmolality of the extracellular fluid in an analogous situation more drastically.
Nevertheless, we consider it more likely that the changes in H ϩ and K ϩ -ions in the extracellular medium are symptoms reflecting intracellular processes involved in signaling stress responses as hypothesized for the corresponding fluxes of H ϩ , K ϩ , Cl Ϫ , and Ca 2ϩ ions observed in cells after elicitor treatments (Mathieu et al., 1991; Atkinson et al., 1993; Nü rnberger et al., 1997) . Candidates for intracellular changes that could serve as second messengers activating downstream responses include depolarization of the plasma membrane (Mathieu et al., 1991; Kuchitsu et al., 1993) , cytoplasmic acidification (Horn et al., 1992; Roos et al., 1998), and increased levels of Ca 2ϩ in the cytoplasma (Chandra et al., 1997; Takahashi et al., 1997a Takahashi et al., , 1997b .
It is interesting that the induction of the alkalinization response by strong hypo-osmotic shock started without apparent lag and occurred faster than after treatments with microbial stimuli. In general, lag times were characteristic for a particular stimulus and the lag phases increased in the same relative order with hypo-osmotic shock Ͻ chitin fragments Ͻ flagellin Ͻ xylanase Ͻ ergosterol in the tomato cells investigated here but also in cells of the wild tomato Lycopersicon peruvianum and tobacco cells (data not shown). The spectrum of microbial stimuli recognized and the duration of the responses induced depended on the particular cell culture analyzed. Whether these differences reflect differences intrinsic to the plant species or whether they originated by variation and selection processes during the years of in vitro growth remains to be tested. However, all plant cell cultures tested so far, including soybean, Arabidopsis, tobacco, potato, tomato, L. peruvianum, and rice, reacted with an alkalinization response when challenged with hypo-osmotic conditions (data not shown), indicating that the capacity for osmosensing is a general characteristic highly conserved among different plant species.
A tight link between stimulus and response was evident in experiments with treatment of the cells under hypo-osmotic conditions and subsequent restoration of the original medium osmolality. On the one hand, exposure to low osmolality for only few seconds triggered a measurable alkalinization response and, on the other hand, restoration led to rapid arrest of the induction process. In contrast, adaptation to changes in medium osmolality proceeded slowly over time spans in the order of hours. For example (Fig. 6) , cells transferred to elevated osmoticum only slowly developed an alkalinization response to restoration of the original osmotic conditions. Thus, restoration of medium conditions was not sensed as a hypo-osmotic stress corresponding to an equivalent change in osmolality in fully adapted cells. Since these cells respond "normally" to lowering osmolality below the original values, this hints at a "memory" of the plant cells for the original conditions. It also indicates that the osmosensing system of the cells responds to absolute values of osmotic pressure rather than to relative changes.
Osmoregulation is an important aspect of cellular metabolism in all organisms confronted with changes in the extracellular water potential. Elements important for osmoregulation have been identified in bacteria, yeast, and mammalian cells. In bacteria, several osmoregulated operons have been described for which genes of two-component pathways act as upstream regulatory elements (Csonka and Hanson, 1991) . The response of yeast to high osmolality similarly depends on a two-component system (Maeda et al., 1994) . It is most interesting that a hybrid-type His kinase was identified recently in Arabidopsis that could functionally complement yeast mutants defective in osmosensing (Urao et al., 1999) . Osmoregulation involves activation of MAP kinase cascades in yeast (Brewster et al., 1993) , in mammalian cells (Han et al., 1994) , and in plant cells (Yahraus et al., 1995; Takahashi et al., 1997a; Cazalé et al., 1999; Mikolajczyk et al., 2000) . Thus, osmoregulation from bacteria to man appears to involve similar elements for signal perception and transduction. Common to these different systems is also the lack of knowledge about the physicochemical parameters sensed by these osmosensing systems. In bacteria several osmoreceptors have been identified genetically and some of the corresponding genes code for proteins with structures of chemoreceptors (Csonka and Hanson, 1991) . However, the chemical identity of the putative ligand for these chemosensors remains unknown. Alternatively, osmotic changes could be sensed via hydrostatic pressure, corresponding to the turgor of the cell, by a mechanism functioning as a baroreceptor or by stretch-or mechanosensitive ion channels. Ion channels of this type have been characterized in yeast (Gustin et al., 1988) and in plants (Ding and Pickard, 1993) .
Osmosensing in plants can be expected to be of functional importance for adaptation to rapidly changing levels of water supply. Cultured plant cells show rapid responses even to minor changes in the osmolality of their culture medium and should provide suitable experimental systems to study the mechanism of osmosensing in plants.
MATERIALS AND METHODS
Chemicals and Elicitor Preparations
Xylanase (from Trichoderma viride) and K-252a were obtained from Fluka (Buchs, Switzerland), N,NЈ,NЉ,NЈЉ-tetraacetyl-chitotetraose was from Seikagaku (Tokyo), and calyculin A was from LC-Services (Woburn, MA). Xylanase was used as crude preparation or obtained in a partially purified form after ion-exchange chromatography on a CMTrisacryl column (Sepracor-IBF Biotechnics, Villeneuve-laGarenne, France).
Cell Culture
The tomato cell line Msk8 (Koornneef et al., 1987) was maintained in suspension culture by biweekly subculture. In brief, approximately 2 g of cells (fresh weight), harvested by filtration after passage through a steel sieve (100-m mesh size) to remove bigger aggregates, were inoculated in 50 mL of liquid Murashige and Skoog-type medium, and were supplemented with 3% (w/v) Suc and vitamins (Adams and Townsend, 1983) as described by Felix et al. (1991a) .
Measurement of Osmolality
Cells were removed by filtration from aliquots of the cell suspension, and the osmolality of the medium was assayed with an osmometer ("Osmette;" Precision Systems, Natick, MA).
Treatments to Impose Sudden Changes of Medium Osmolality
Osmolality of the culture medium was changed by partially or completely removing the medium using narrow tipped pipettes or filtration and by replacing the removed portion of the medium with an equal volume of assay medium, i.e. water, for the low osmolality treatment or medium supplemented with 1 m mannitol, sorbitol, or KCl, as indicated, for the high osmolality treatment. As a control treatment, medium was removed and then reapplied in an analogous way. In the tomato cells used in this study, this procedure did not induce any of the responses measured.
Alkalinization Response and Extracellular
Aliquots (2.5 mL) of the cell suspension, 4 to 10 d after subculture, were incubated in open vials on a rotary shaker at 120 cycles min Ϫ1 . The pH of the culture medium was continuously measured with small combined glass electrodes (Metrohm, Herisau, Switzerland), and the values were registered using pen recorders. Results are shown as tracings of these pH profiles or as the maximal pH increase (⌬pH max ) read from these curves. In different batches of cells ⌬pH max to a given stimulus was dependent on the age of the culture, the density of cells, and the initial extracellular pH. Within one batch of cells, as used in bioassays for the experiments shown, alkalinization to replicate treatments varied little (mean sd of Ͻ15%). Extracellular K ϩ concentration was measured with a K ϩ -sensitive polymer membrane electrode (Metrohm) in combination with an Ag/AgCl reference electrode. To reduce the initial concentration of K ϩ , cells were washed and pre-incubated for 1 to 3 h in a medium with 5 mm NaCl, 1 mm CaCl 2 , 0.1 mm KCl, and the amount of mannitol necessary to reach the required osmolality.
Measurement of ACC Synthase
Activity of ACC synthase was measured in permeabilized cells as described before (Spanu et al., 1990) .
In Vivo Pulse-Labeling with [ 33 P]Phosphate
In vivo labeling with ortho-phosphate was carried out as described before . In brief, 0.2 mL aliquots of cell suspension containing approximately 50 mg of cells were added to 10 Ci carrier-free [ 33 P]phosphate (NEN, Boston). Incubations were stopped 30 s later by addition of 0.3 mL of trichloroacetic acid (10%, w/v) containing 10 mm ATP and freezing in liquid nitrogen. Samples were thawed in a sonicator bath and centrifuged for 2 min at 12,000g.
Pellets were washed twice with 1.0 mL 80% (v/v) acetone/ 20% (v/v) 20 mm Tris-HCl, pH 7.4, and extracted with 100 L of SDS-sample buffer at 95°C for 5 min. After centrifugation, 30 L of the supernatants were subjected to SDS-PAGE (Laemmli, 1970) and autoradiography.
In Gel Protein Kinase Assay
Samples (200 L) of cell cultures were collected at the time points indicated, mixed with an equal volume of 10% (w/v) trichloroacetic acid, and frozen in liquid nitrogen. After thawing and ultrasonication, pellets were collected by centrifugation (10 min, 12,000g) and washed twice with 80% (v/v) acetone/20% (v/v) Tris-MES (2-[Nmorpholino]ethanesulfonic acid) buffer (20 mm, pH 8.0). Proteins were solubilized from pellets with SDS-sample buffer and separated by SDS-PAGE on gels containing 12% (w/v) acrylamide and 0.2% (w/v) MBP (Sigma, St. Louis). Proteins in gels were denatured, renatured, and assayed for kinase activity as described (Suzuki and Shinshi, 1995) . Radioactivity in dried gels was analyzed and quantified using a Phosphorimager (Molecular Dynamics, Sunnyvale, CA).
Reproducibility
The results shown in the figures represent single experiments that are representative for several independent repetitions. 
